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SUMMARY

E&ytioal and experimentalinmmgationsThe remll.tsof
the performance of an eqlosion-oyolemmbustion ohaniberare pre-
sented. Oaloulatedand e~rimentally determinedexplosim-pressure
ratiosobtainedin a oomlmstionohamberwith a timedinletvalve
and severalf=d-area exhaustnozzlesare presentedovera range
of fuel-airratios. The effectson explosion-pressureratioof
variationsin oyolefrequencyand inletpressureare Investigated.
Calculatedand experimentalvaluesof jetthrustand thrustspecific
fuel wnswuption obtainedfrom this mmbustion ohaiberare also
imluded.

It was foundthatfor the oonfigmationinvestigated,the com-
bustiontimevariedfrom 0.003to 0.009semnd with valuesin the
regionof 0.006beingmost predominant.(?aloulatedexplosion-
pressureratiosand jet thrustbasedon a mmlmstion time of
0.006semnd indioatedthat explosion-pressureratiowould range
from 1.7 to 5.0 and jetthrustfrom K to 40 poundsper pound of
air ~r seoond,dependingon the fuel-airratioand the ratio of
exhaust-nozzlearea to ombustion-ohambermoss-sectionalarea
with maximumvaluesoccurringat approximatelystoiohiometricfuel-
alr ratio. B&xlmumexperimentalvaluesof e@osion-pressure ratio
and jetthrust,approximately2.9 and 35 pouudsper pound of air
per second, respectively,ocmrred at an over-allfuel-air ratioof
about 0.04. Lowervaluesof explosion-pressureratioand thrust
per pouudof air were obtainedfor fuel-airratiosricheror leaner
thanapproximately0.04. me calculationstiaiodd that if f30M-
bustiontim couldbe reduoedfrom 0.006to 0.003seoond,explosion
pressureratiosoouldbe lmmeased by more than 30 peroentand thrust
per poundof alr per semnd inoreasedby approximately100 percent.
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INTRoDuoTmN

The use of engtiesoperatingon the Oonstant -volume

“

wde offere, .
at leasttheoreti&lly,a-means~ improvingthe performanceof jet--
propulsicmunits. The mmtant-volms cyclepossessescertaintheoret-
ioaladvantagesover the more mmonly used oonstant-pressureoyole,
name=, higheridealeffioienoyand outputper poundof air handled
per unittime. Aotualperformanceof a mnstant-volumejet engine,
however,would dependuponthe extentto whioh constant-volumemz-
bustioncouldbe approachedand the resultlngex@osion pressure
developedin the oonibustion&amber. An Investigationof the per-
fomanoe of an explosion-cyclemmbustim ohaziberwouldtherefore
serveas an indicationof the petiormanoethat oan be expectedfrom
a jetengineutil.izlngthis oyole.

In theHolzwarthturbineales-bed in referenoe1, the prin-
ciplesof the oonstant-volumeoyoleq appliedto a largestationary
gas turbine. This enginedevelopspressuremtios higherthan5 in
its explosion-~ combustionchamber. Thesehigh pressureratiosare
obtainedby the use of valvesin both the inletand edm~t portsof
the combustionohdber. ~ orderto avoidthe mmplioationsinvolved
in the use of exhaustvalves,the oonstant-volmueoyoleoan be approx-
imatedby use of onlyan Inletvalveand a fixedexitnozzle;the
smallerthe nozzlearea the more near= the ideal cycleis approached.

The resultsof anal@ioal and experimentalinvestigationsmn-
duotedat the NACA Clevelandlaboratoryto determinethe perfozmame
of an explosion-cyolecombustionohaniberwith a timedInletvalve
and severalfi.zad-areaetiust nozzlesare presentedherein. Experi-
mentallydeterminede~losim-pressure ratios,thrustper poundof
air,~a spedflc fuel consumptionare presentedas functionsof fuel-
air ratio,ratioof exhaust-nozzlearea to ocmibustion-dmmbermoss-
seotionalarea,oyolefrquenoy, and inletpressure. Thesevalues
are oompmd with theoreticalvaluesobtainedfrom an analysisof an
idealmnstant-volumecycleand an approximateoonstant-volumeoycile, ,
which is also presented.

This analysisis not applicableto a pulse-jetengineof the type
used in the Gemmn V-1 bonib.Preliminaq analysesof that engine
have beenmade basedon the oonstant-volumsoyclebut it has been
shown(referenoe2) that suchanalysesare not in goodagreementwith
the aotualphysioalphenomenathat omur.
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AwiusIs

This ssotion is limited to a discussion of the dgnifioanoe of the derived eqwtiona,
inwmuoh as a oomplete oyole analysis is preeented in appendti B. (’he syln?mlsMea m
defined in appsmlix A.)

An analysis of the geneml. energy equation for the mnbusticm prooeasin an e~losion
ohmiber having a fixed-area edmast nozzle was nade in order to estimte the explosion
te~nature * presOure developed. On the basis of the aseuntptionsgiven in appendix A,
it oan be shown that the mxtmuni temperature ratio develowd durim the oambustion DrooesE
oen b obtained frm a graphioal in&ration of thq follohng $qI&ian:

— -—

L

-fta

at

D

Similar& it is mssibIs to * t~t * ~ pressure ratio and ths m=illum tsnqmature
zwtio &eloped &u?ing the combustion prooess oan be related W the follming equation:

The thrust output per pound of air flow per unit time obtahed from a omaidemtioa of the
,impuleeduring W oyole is equal to:

I



I
,.-.

4

I
I

.1

.1

.i

I

.1

and the thruet SWCM1O fuel ommauption%an be ehown to equal
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lh order to determine the oo4QMratiYe time for Oombuation, blUw&ml, and purging of the

combustion ohamber and to estimate the mnge of oyole frequmoies to be Inwstigatetl,it was
neoesaaxy to evaluate the tim for one oyole. ‘l!histime was taken as the mm of the time
intervale reQuirea for Combustion, ImYudcfun,and purging of the ocmbu6bioA OMmber ● charging
of the olv@ber was amuumd to ooour simltaneouely ulth porging. The tim for one OYole oan
be ehomn to equal
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and the Oaloulated Oyole frequenoy then
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Jn aotual operaticm, wde frequenw was varied over a wide mn& by varyang the rotatlve speed
C& the Inlet val.~.

h examhatlon & the6e equatilonaehowa that the perfmwnoe of a ombuetlao ohamber of a
Jet-_sion engine opematlng on the explmion oyole 16 a funotlon of fuel+dr ratio, ratio d
erhauti-nomme ama to OcanbIlstiml—ohamlwr oross-eeotlonalarea, ocmbusticm+hamber length, oCm-
bustion time, emd inlet preeenre.
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AIMU.@i-l and e~rimental da- m presentedto showhow
explosionpressureratio,thrustper pound of air, and specific
fuel mx3awm@ion vary with ohanges in fuel-air ratio, ratto of
nozzle area to mndms-tj.on-ohaniberoross-sectionalarea, cyole fre-
quenoy,and inletpressure. The ana~sis of oonibustion-dmmber
performancewas tie usingan averagetime of ocmibustionestimated
frcm pressure-timecurvesobtainedfrom the enginebeing investi-
gated. CaLmlationswere alsomde for two othermmbustion times
in orderto determinethe effectsof cxxibustiontime on the perfom-
anoe of the unit.

setup.- The investigationwas mnduoted tm an explosion-
oyclemmbustim ohamber,shuwnin figures1 and 2. The test equip-
ment oonaistedof a stationary16-inohhub thathouseda rotating
ringvalveand supporteda statim ccmtmstionohdber 2 feet ti
length. RadialclearanceTwtweenthe hub and the valvewas approx-
imate O.olz inoh. Thering valve aotedas the Inletvalveto the
oonibustion&amber and the effectiveinlet-valvearea oouldbe
variedby ohmging the size of the openingsin the ring valve. For
the invmtigation,the portsin the ring valvewere so dimensioned
that the inletvalvewas eitherpartlyor fully0p3neafor approxi-
mately45 peroentof the oycle. Thisvaluewas ohosenaftertheoret-
icalanalysishad shownthatfor the mnf@ratiau being investigated
the ohargingor Iurgingperiodshouldbe approximately50 peroentof
the totalOycletires.The ring valvewas drivenby a direct-mrrent
motor;one revolutionaF the valvecorrespondedto two oyolesof the
engine. Exhaustgasesfrom the madmstion ohamberwere disobarged
througha removableexitnozzlethatmade it possibleto ohangethe
exhaustareaby changingexitnozzles.

It was realizedthat the o-ustion ohmiberusedfor the investi-
gationwouldhavehigh entranoeand exit lossesbeoauseof the right-
- turnsat the inletand exhaustseotions. (Seefig. 2.) This
configurationwas used,however,beoauseit was readilyavailable.

P’ueland ignition systems● - I’uelwas intermittently(onoeper
GYde) i%leotd into the combustiauohamberby means of an injection---
pmnp throughspring-loadedfuelnozzles. The fuel pumpwas ohain-
drivenfrom the motor shaft. E’uel-injeothntimingwas variedwith
respeotto inlet-valveclosingby the use of a phaseobangerincluded
in the fuel-pumpdrive. l’uelflowwas measuredby mans of a oali-
M%rtedrotameterupstream d the injection PWP. lh fuelwas injeotea
into the conilmstionohaniberin a directionoounterto the air fluw.

g
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Two types of ignition system were ut3f3a.Oontlnuousignition
was obtainedby directmnneotion of the sparkplug to a 6000-volt
transformer.SMemittent ignitionwas obtainedby placlnga drotit
breakerand a oapmitor In serieswith the powersupplyto the trans-
former. Sparkplugswere looatedin severalplaceson the combustion
ohaniber ti orderto determineexperimentallythe best spark-plug
looation.

Thrustmsurements. - Exhaust-gasthrustmeasurementswere
mie by meansof a ~st targetand an NACA bakced-dkm
torqueoell,shownsohematioallyin figure2. A oompletedesmip-
tion of the ~ of thrusttargetused is givenin reference3.

Nuction and exhaustsystems.- Combustionalr was supplied
to the enginefrcnuthe oentrallaboratoryqwtem. Air flow was
measuredby meansof a thin-plateorifioeinstalledin the ocm-
busticmair s’ystmaocordingto A.S.M.E.standards.

The exhaustgasesdischargedintothe thrusttargetand then
were oooledby a water spray beforeenteringthe laboratoryatmospherio-
e8haustsystem.

Dstrumen&tion. - Maximumand minimumcyclepressureswere
raeasuredwith an NAOA balanoed-diaphragmpressureindioator.Pressure-
time diagramswere obtainedfrom a link-coupledoapacitor-typepres-
sure indioator and a oathode-rayosoillosoope.Combustion-chaniber
inletand efiust pressureswere measuredby meansof static-pressure
t13pS installedillthe hkt StU?@ taIlk ~ b tb tk’RSt tXU&)t,~S-
pectively. Conibustion-airtempemturewas measuredby an unshielded
thermocouplelooatedin the inletsurgetank.

The effectson engineperformmce of ohangesin fuel-airratio,
ratioof exhaust-nozzlearea to ccmibustion-ohambermmsa-seotimal
area,inlet-pressureratio,and oyolefrequencywere deterWmd by a
seriesof engineinvestigations.For eaoh investigation,inletpres-
sureratio,oyde frequenoy,and nozzleareawere fixedat mnstant
valuesand the fuel flowwas variedovera wide range. Beforeany
datawere &ken, optimumfuel-injeotiontimingwas aetitia by
-* W phase-changersettinguntilthe maximumpressurerise
was Obtalnea● At eaohexperimentalpoint,the measuredthrustwas
reoordedand maximumand minimumcyd.epressureswere determined.
Representativephotographswere takenof the pressure-thediagrams
indioatedon the osoillosoopesoreen. The followingrangesof re-
nditionswere investigated.
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Fuel+drratioe o... . . . . . . . . . . ..O . 0.020-0.074
Cyds frequency,cyd.es/sec . . . . . . . . . . . . . . a15 -40
Inlet~smre ratio . . . . . . . . . . . . . . . . .1.10-1.25
Ratio of exhaust-nozzlearea to -
mnilmtion-ohamberaom-sectional area . . . . . . . l/9 - l/3

aA frquenoy of 15 oydes per secondwas the luwestthat couldbe
timst~ted with the ap~tus used.

RESULTSMD DISOUSSIOM

Pressure-TimDlagrsms

Variationin oyolepressureas a functionof time is shownin
fi@re 3 ● A pressure-timediagramof the theoreticaloyoleis shuun
in f@me 3(a)and aotualpessum-tlm curvesobtainedat various
engineopmating renditionsare shownin figures3(b) to 3(d). !i!he
sequenoeof operationsoan be readilyfollowedon the idealpressure-

.. tillBC-. At the timethe idet V231V0OWIM, the ~SSUlX3 ti the

cmlmstion ohaniberrisesto inletpressure(point1). The cluudber
pressurethenremainsconstantdiningthe ohargingperiod,purging
of the dauber ooourringsimultaneouslywith oharging.At the end
of the oharg~ period(point2), the inletvalveis closed,fuel
is injectedand oozibustionoccurswith a resultingrapid inot’ease
in pressure(point3). After mdmstion the cycleis 00mph3tf3dwith
blowduwnto approximatelyatmospheric pressure (point4).

The actualpressure-timediagramdeviatedfrom the idealin
severalrespects,as oan be seen in figures3(b) to 3(d). At the
time the inletvalveopensin the aotualoyol.e,the pressurein the
clamber rises to some intermediatevaluebetweenambientand inlet
pressures. The actualvalueof the ohamberpressurewill be deter-
minedby the inletpressure,the ratioof exhaust-nozzlearea to
combustion-ohamibermoss-sectional=a, and the oyclefrequency.
Ohargingof the ohamberomurs at essentiallyoonstantpressurebut
at the end of the ohargingpez’iodthe pressurein the ohamberfalls
off as the inletvalvedoses. This loss in pressureresultsin a
lowerpeak pressureat the end of the combustionprooess.

~ the actualoyde, fuel is addedto the ohaniterduringthe
last~aftheohargin gperiodratherthanattheend of the
olmging period,as is assumedin the idealoyole. It was found
in the oourseof the investigation-t the mzibustion-~essure
risewas extremelysensitiveto the timingof the fuel-injection
p8fi0a. For the experimentalconfigurationused,the mximum

.
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pressurerisewas obtainedwhen the fuel tijeotionbeganapproxi-
mately200 beforeinletGlosing. It was alsofound in the investi-
gationthatthe pressure-tinwcurveswere titerea by a changefrom
intermittentto continuousignition.Afterthe enginehad been
operatingfor a shorttime,sparkignitia was no longerneoessary
undermost o~rating renditions.

The performance of any unitoperatingon the eqlosion oyoleis
dependentupm the pressurerise h the conlbusti~ohamber during
the oonibustionor OQlosion ~ooess ~ The e~losion-pressurerise is
disouss6don a nondimensionaleqlosion-pressq-ratio basis;the
explosion-pressureratiois the mxtioof maximumohaniberpressureto
the pwssure in the ohaniberat the end of the oharglngperiod. For

the theoretical ease, explosion-pressureratio wouldbe equalto the
ratioof nmximumcyclepressureto Inletpressure. U the experi-
men@Uy determinedexplosion-pressureratios,the da?iberpressure
at the end of ohargingwas a variable. For the largernozzlestivesti-
gated (ratiosof exhaust-nozzlearea to combustion-ohanibercross-
sectionalarea of 1/4 and 1/3),the ohamberpressurewas reduoedto
anibientpressurebefcwecombustionbegan.(Seefig. 3(d).)

I%mtors Heot@ Explosim-Rwsure Ratio

It was shownin the analysisthatthe explosion-pressureratio
is a funotia of ombustion time,fuel+ir ratio,ratioof e*ust-
nozzlearea to cxmibustion-ohaniberoross-seotionalarea,inletpres-
sure,and combustion-ohsnderlength. The effectsof thesevariables
with the exoeptionof amdnmtion-duuzberlemgthwill be dlsoussed.

Combustiontime.- The timefor mibustion to takeplaoewas
estimatedfrmua n-r of pressure-t- diagramsX’ordifferent
engine-conditions.The m@hod by whichthe oonibustionti~ WaS

determinedfrom eaohpressure-timecurveis shownin figure4. Com-
bustiontimewas cmnsidend to be the elapsedtimebetweenthe
beginningof conibustlonfid the timeat whiohpeakpressurewas
reaohed. Measuredvaluesof cxnubustiontimevariedfrom 0.003to
0.009WCdl, with values in the region of 0.006S6K)Od Prt)ddnatlng.

Insufficientdatawere availablsto determinethe oonibustiatimeas
a functionof the variousengineand operatingvariables. The value
of 0.006secondwas therefo= consideredto be representativeof the
experimentaldatapresented.All the mxibustion-ohaniberrunswere
made using62-odane gasoline. No attemptwas made to decreasecan-
bustiontimeby the use of more rapidlyburningfuels.

.- —-. —..— ——- —-. —.—-



In obtaintng experimentaldata,oaibustiontimewas not investi-
gatedas a primaryvariable. The effeotsof mmibustiontireson
e8plosicuqressureratioand over-allpefiormumewere therefore
_ioal.ly studied. Colibustiatimesof 0, 0.003,and
0.006seoondwere investigatedin orderto showthe effectof
decreasingcombustiontime below valuese~rimentally obtained.
Theoret@al explosion-pressureratiois shownin figure5 as a
funotionof fuel+ir ratiofor severalccmbustiautimesand for
threedifferentnatiosof eXhaust-nozzlearea to mxibustion-ohazher
oross-seotionalarea. The eqwrimntal dataalso presentedin this
figurewill be discussedin the followingsection. The incxeasein
perfozzwumethat oan be realizedby decreasingwmibustiontime is
indioatedin figure5. As an exampleof the inoreasein eqloston-
pressure ratiothat oan be obtainedby decreasingocmibustiontime,
figure5(0) tiaioatesthatfor a ratioof exhaust-nozzlema to
mmibusticm-ohsuibercross-sectionalarea of 1/6,deaeasing the com-
bustiontimefrom the avwzmgemeasuredvalueof 0.006to 0.003seoond
inoreasesthe eqlosion-pressureratioby approximately37 peroent
overthe rangeof fuel-airratio studied. This changein explosion-
pressureratiorepresentsan increaseof from approximately45 to
more than 60 peroentof the maximumpossiblee~losion-pressureratio
with idealmnstant-volma cotiustion(zeroconibustiontime). Even
grmter inoreases in performanceare shownin figures5(a)and
5(b)for the largerratiosof e=ust-nozzle area to cxmibustion-
ohanibermoss-sectionalarea.

Fuel-airratio.- The effectsof fuel-airratioon explosion-
pressureratioare shownin figure5 for both oalmilatedand e~ri-
mentallydetermineddata. The -~titia e~losion-pressureratiO
continuallyinoreaseswith fuel-airz=tiooverthe rangeinvestigated,
whtoh is entirelybelow stoiohionn3tricfuel-airratio. The eqwi-
mentaldata,however,*OW an increaseand thena decreasein
eqlosion-pressureratiowith the peak occurringat a fuel-airmtio
of approximately0.04 in most oases. Thispeakingof the e~rinmtal
dataat fuel-airratioslessthan stoiohiometriois probablydue to
the faot thatthe e~rimentally dete-d fuel-airratioIs based
m the over-all ratioof fuelflow to air flow. The possibilitythat
w= auunmtsof fuel and air oouldesoapefrom the ormibustion
chmiberduringthe oharging~ooess and the probab~ stratlfioation
of fuel in the chaniberoould resultin a fuel-airratioin most of the
effectivemibustton zonethatwouldbe higherthan indioated
in figure5.

oal~~tia eqlosion-pressureratiosfor a conibustiontime of
0.006secondvariedf’mmapproximate=1.7 to 5 dependingupon the
ratioof e~ust-nozzle area to combustion-ohambercross-sectional
area and fuel-airratio;the maximmuvalueoocurredat 0.065,whioh

.-i
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is approximatelystoiohiometricfuel-airratio. The maximumex@osion-
pressureratioexperimentally obtainedwas 2.9 at an over+ll fuel-
air zatioof approximately0.04. Inasmuohas the experimentally
determinedeqlosion-pressweratiosdecreasedfor rioher or leaner

fuel+il?Z%LtiOS,it iS guite possiblethat StOiC2hi~tri0 fud+ir
ratioexistedin the cxmibustionzoneof the oharnberwhen the over-

all fuel+ir ratiowas only0.04. A mmparison of maximumoalmilated
and maximumeqerimentalexplosion-pssureratiosinaiOatesthat in
generalthe e~rimental valuesare considerablylowerthan the cal-
culatedvaluesat a oouibustiontime of 0.006 seoond. Severalpossibh’
eqlanationsexistfor this apparentdisa’e~oy betweenthe measured
and oaloulatedvalues. The decreasein e~losion-pressurezzrbiowith
an inoreasein oyolefrequenoyfrom 15 to 30 oyolesper seoondis
probablydue to a decreaseh volumetriceffioienoyand to mhmina-
tion of the freshohargeresultingfrom incompletepurgingof the
dwmber and will be consideredlaterin the discussion& oycle
frequenoy. It was pointedout in the discussionof ocmibustion
time that insufficientdatawere availableto detemlne cmibustion
timeas a functionof engineand operatingvariables.The average
measuredvalueof oonibustimtime used in the calculationsmay
thereforenot be representativeoverthe entirerangeof fuel-air
ratios.

Part of the differencebetweenoalmil.atedand e~rimental
explosion-pressureratiosis probablydue to the incompleteutili-
zationof the energyin the fuel. For the 04310m3tiaquantities,
conibustioneffioienoywas assumsdto be 100 peroent. In the aot=l
oyole,somemburned fuelmay be expelledfrom the ohsmberduring
the ohargingprooess,S- fuelnny not be burnedas a resultof poor
_, and part Of the fuelw h burneda~hg the blows- pro-
cess. All thesefactorsreduoethe amountof usefulenergyobtained
from the fuel. Althoughit was impossibleto determinethe qtude
of eaoh of thesefaotors,it is believedthattheirooxubinedeffect
is sufficientlylargeto reduoeby an app2eoiableammmt the percent-
age of the fuel that is fullyutilized.

Ratioof exhaust-nozzlearea to combustion~ r orosE-
seotbnal area. - A crossplot of figure5 presentedin figure6
showsthe theoreticaland e~rimental variationin explosion
pressurewith variation h tie ratioof exhaust-nozzlearea -to
conibustion-ohmiberoross-seotionalarea ~/. at a givenfuel-air
ratio. The calculatedcurveindioates,that,for a mmbustion time
of 0.006secondand a fuel+ir ratioof Oc~~ ~creas= * e*ufi-
nozzleareafrom 1/3 to 1/6 of the cnmss-sectial area of the com-
bustionohanlberwill inorease the e~loskm-pressm ratio from 1.8
to 3.8 or mm% than 100 peroent. As oan be seenfromthe experimental
data in fi~ 6, however,@Y a -U ficrea~ =s realizedf’or*

-.. —. —.



ocmibustion ohaniberinvestigated.This inoreasewas 2.6 to 2.8 and
the eqlosion p?essureappearedto ~ almostindependentof efiust-
nozzlsazwa. Reasonsfor not aohievingexperimentallythe improve-
ment in e~losion pressurewith decreasingexhaust-nozzlearea pre-
diotedfrom theoryarenot readtlyap~t from the data. One
factorthatprobablyaffeotedthe resultsis combustiontime. As
previouslyma, the experimentalmibustion timewas genezmlly
about0.006seoond. When the experimentaldatawere higher than

the explosicm-pressuredata oaloulatedfor a oonibustiontime of
0.006,the eqerimentalconibustiontimewas probablyless than
0.006seoond. E this suppositionis true,the data indioatethat
mmbustion timewas inoreasedby decreasingthe ratioof e~ust-
nozzlearea to mxibustion-ohmiber@oss-sectimal area.

Anotherfactorthat might prevent an inorease in erplosion-
pressureratiowith a deoreasein ~/. at a givenfrequencyis

the fact thatthe timefor purgingor ohargingof the ohamlmr
relativeto totaloyoletimewas f ba by the inlet-valvedesign.
An _sis of the cyoleindioatesthatthe timefor purgingshould
be inoreasedas the nozzlearea is demeased. It oouldtherefore
be reasonedthat the timefor purging,althoughadequatefor the
M3rgee~ust nozzles,was too shortfor the smallernozzle. This
inadequatepurgingtimewouldresultin a dilutionof the fresh
&arge and oouldlowercombustion-pressurerise.

.

.

Cyclefreguenoy. - A represen-tiveeqerimntal ourveof the
ohangein explosion-pressure_ratiowith ohangesin oyd.efrequency
is shownin figure7. The =pia decreaseIn explosia-pressureratio
with increasingoyoleftwquenoy(fraua valueof 2.90at 15 ops to
1.80at 40 ops)is probablyo&%usedby a lowerweightof air flow per
oyaleand poorerocutibustionat the higherfrquenoies. It W8S fOund
in the invest~tion thatas the oyolefrquenoy increasedthe oom-
bustlonprooessapproachedsteadyburning. l?or eaoh of the exhaust
nozzlesinvestigated,therewas somevalueof cyclefrequenoy(this
valueincz?easedas nozzlearea incn?eased),determinedby the inlet
pressme and fuel-airnatio,abovewhich it uas impossibleto main-
tain titermittentoonibusticmo

For a giveninletpressureand ratioof exhaust-nozzlem to
oozibustton-ohmibercross-seotionalarea,the oycliofluw to the mm-
bustion&amber de.oreasedas the frequenoyinc-sed. Figure8 shows
this ohangein weightflow on tie basisof volumetriceffioienoy,
awha here as the ratio of air suppliedto the mmbustion ohamber
per oyd.edtvtdedby the volumeof the combustionohamber,overthe
samerangeof frequenciesand for the samenozzb sizepresentedin
figure7. This smallermass of air resultsin lesspressurerise
duringthe conibustionprooess,as has alreadybe indioatedin fig-
ure 7.

.
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I?il.et-pressureratio.- Inlet-pressureratiois definedas the
ratioof the pressureat the inletvalveto am’’ientpressure.
Experimentallydetemdned explosim-pressureratios~ shownin
figure9 as a functiobof fuel-airratiofor threeinlet-pressure
ratios. An examinationof thisfIgureindioatesthatthe ex@osion-
pressureratio ixmreaseswith an incawaseh inlet-pressureratio.
At a fuel-airratioof 0.04and an ~/Ab of 1/6,eqlosion-pressure
ratioinoreasedfrom 2.0 at an inlet-pressureratioof 1.10 to 2.62
at an inlst-pressureratioof 1.25.

Thrustand SpecificFuel Consumption

The jet thrustper poundof air handledper unittimeand the
fuel emnomy of the oombustia ohanderare shownin figures10 and
U., respectively,for the Oa10-tea and experimentaldata.

Thrust● - Oalcmlatedand experimentallydeterminedvaluesof
Jet~~er poundof air handledper unittimeare shownin fig-
ure 10 for threeratiosof e-ust-nozzle area to combustion-ohdber
cross-sectionalarea,and for two cyclefrequencies.The tpeoretioal
oalmlationsindioatethat the amountof thrustper poundO& air for
a conibustiontimeof 0.006second(theexperimentallydetermined
averageOonibustimtime)wouldvary between14 and 46 poundsper pound
of air per seconddependingupon Ae/~ and the fuel-i??ratio,the

highestvalueoccurringat the smallestnozzleratio (1/6)and stoi-
ohiometiiofuel-airratio (fig.1O(C)). Decreasingthe mmibustion
time to 0.003seoondinoreasedthe thrustv@ues to a rangebetween
28 and 80 poundsper poundpf air per seoondfor the samerangeof
fuel-airratiosand the samee-ust -nozzleareas. This ohangein
thrustrepresentsan tiaease in jetthrustof almost100 percent.
Maximumpossiblejetthrustfor idealOonstant-voluwcmmbustim
(zeromibustion time)rangedfrom 62 to 185 poundsper poundof
alr per secondwith the highestvalueat a fuel+ir ratioof 0.065..

Experimental.1.ydeterminedvaluesof jetthrustvariedbetween
25 and 35 poundsper poundof alr per second,dependingon the ratio
of etiust-nozzlearea to conibustion-dmmbercross-sectionalarea
and fUel-airratio. Of the threentios of exhaust-nozzlearea %
conibustion-&amber-cross-seotionalarea investigatid~* ~st Wr-
formame was obtainedwith the ratioof 1/4 (thrustof 34 lb/(lbair)(see)
at a fuel-airratioof O.045).

Specificfuel consumption. - Calmlated and expm.%untally
detemdned valuesof thrustspeoifiofuel mnsumptionfor three
ratiosof exhaust-nozzlearea to oonibustion-ohambercross-seotianal

. . —-..—-—— _ ——



area at two oyde frequenciesare presentedovera range of fuel-
air ratios h figure 11. For a muitmstiantime of 0.006seoad,
oalmlated valuesof spedfio fuel consumptionrangedfrom approx-
inn,tely2.5 poundsof fuel per hour ~r poundof thrustat a fuel-
air ratioof 0.02to 5.0 poundsof fuel per hour per poundof
thrustat a fuel-airratioof 0.065 for an ~/Ab of 1/6
(fig.Xl(o)). As the nozzlaarea inoreased,the spemificfuel
consumptionalso inoreasedso thatfor an area rattoof 1/3
(fig.n(a) ) and a fuel-airratioof 0.065,calculatedspeoific
fuel consumptioninoreasedto more than 10 poundsof fuel ~r hour
per poundof thrust. lknmasing the mnibustiontim fram 0.006to
0.003semnd would in all oasesreduoethe thrustspeoi.fiofuel
consumptionby more than 50 peroent. As an indicationof the
lowerlimitof the spedf’icfuel oonsumptlon,a curveof specifio
fuel consumptionfor the idealconstantvolumeoyole(zerooonibus-
tion time)is also includedin figureU.. Thesevaluesrangefrcun
1.13to 1.35dependingon fuel-airratio. I@erimentallydetermined
thrustspeofficfuel oonaaunptiarangedfrom 3.9 poundsof fuel per
hour per poundof thrustat the lowfuel-airratiosto approximately
9 poundsat the highestfuel-air=tio and largestexhaustnozzle
investigated.Mintmumfuel aonsum@lonocGurredfor aa Ae/~

of 1/4 and a fuel-airratioof approximately0.035(fig.XL(b)).

.

.

Applicationsof lRxplosion-CydeCombustionChaniber

One simpleapplicationof the combustionohaniberdescribed
wouldbe to a jet-propulsicmen@ne consistingof an inletd~user
and timedinletvalve,an eqlosion-oyolscombustionohamber,and a
fixed+rea exitnozzle. The reqe & usefulnessof suohan engine
oouldbe determinedby a comparismwith the bstmant pulse-jetand
steady-flowram-jetengines. The valuesof thrustper poundof air
and specificfuel conmuptionreportedoan be oomparedwith pulse-
jet datapresentedin referenoe4. The odctitea valuespresented
indicatethat greaterthrustsper poundof air than thoseobtained
in thepulse-jeteqytneare obtainableat considerablylowerspeclflc
fuel oonsumptiau.The experimentaldatapresentad,however,gave
valuesof thrustper poundof air thatwere approxin@%& only
50 peroentof thatobtainedon the pulse jetand the mlnimmnspecific
fuel oonmuptionwas also 20 peroentgreaterthan that obtainedon
the pulse-jetengine. Thesevaluesindi-te that on a theoretical
basisthis mgine is oapableof oompetingwith the pulse-~etengine.

Beoausethe explosion-oydejetenginedisoussedhereinoan develop
considerablyhigherthruststhanthe ram jetat low velocities,It
mightthereforebe usedto supplementa ram-jeten@ne. At low flight

.
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velocities,it would operateon the explosicmoycleand takeadvan-
tage of the increasedthrustobtainablefrom this type of operation.
At higherflightspeeds,the inlet-ve Gouldbe lockedin an open

position or discardedentirelyand the unitwould thenoperateas an
ordhary ram jet. ~ ttLis WV, the high thrusts tad 0SU3be 0mw3a
at high flightvelocitiesby the ram jetwouldbe utilized.

Anotherapplicationof the explosion-cyclecombustion~r
wouldbe to a turbojetengineconsistingof a compressor,explosion-
cyoleoozibustionohamber,turbine,and exhaustnozzle. An en@ne of
this typewouldbe somewhatSimllm?to the Holzwarthturbinebut
wouldnot be providedwith mmbustion—ohamber edwnastvalvesas in
the Holzwarthturbine.

SUMMARYQFRESULZS

The followingresultswere obtainedfroman
experimentalinvestigationof an explosim-oycle
for a jet-propulsionengine.

analytical and
oozibustionchamber

i. For the oonfiguratimimmstigated,mmihzstion time varied
between0.003and 0.009seoondwith valuesin the vioinityof 0.006
beingmost predominant.

2. E@osim-Pzwssure ratioscalculatedon the basisof a ccau-
bustia time d 0.006secondrangedfra approximately1.7 to 5.0
dependinguponthe ratioof exhaust-nozzlearea to oozibustion-ohambar
cross-sectionalarea &/Ab and fuel+ir ratiowith the highest-Ue

oocurringat approximatelystoichiometriofuel+ir ratio. The highest
e~losion-pressureratioobtainedexperimentallywas 2.9 at an over-
all fuel-alrratioof approximately0.04. Explosion-pressureratio
deoreasedfor rioheror leanerfuel-airratios.

3. Calmlationsindioatedthat if the ootiustiontime couldbe
reducedfrom 0.006to 0.003semnd, explosion-pressureratioscould
be inoreasedby approximately37 peroentoverthe rangeof ccaditions
investigated.

4. Theoreticaloaloulationsindioatedthatthe eqlosion-pressure
ratiovariedwith ohangesin the ratioof e-ust-nozzle area to
combustion-oh@bercross-sectionalarea. At a fuel-airratioof 0.04,
the calculationsindioatedthat the explosion-pressureratiooouldbe
increasedfrom 1.8 to 3.8 by decreasingAe/~ from 1/3 to 1/6.
Expe*ntally determinedeqlosica-pressureratios,however,were
p=ctioally independentof ohangesin &/Ab, ~ ~lY fr~ 2●6
to 2.8 overthe sam rsngeof nozzlesizes.

—-——— .——..



5. l@losion-pressureratiosthatwere experimentallydetermined
rapidlydeoreasedwith an inoreasein oyolefrequenoyand incmeased
with an fioreasein inlet-pressureratio. At a fuel-airratioof 0.04
and a ratioof exhaust-nozzlearea to conibustion-damheroross-
seotionalarea of 1/6,eqlosion-pressureratiodeu?easedfrom 2.90
at 15 cyclesper seoondto 1.8 at 40 cyclesper semond. For the
samefuel-airratioand @Ab9 explosion-pressureratio inmeased
from 2.Oat an inlet-pressureratioof 1.10to 2.62at an inlet-
pressureratioof 1.25.

6. Theoreticaloalmlationsindi-ted that the jetthrustfora
combustion time of 0.006second~tia varyfrom 14 to 46 pO~as per
poundof air per secondwlththe highestvalueat a fuel-airratio
of 0.065and the smallestratioof exhaust-nozzlearea to cozibustim-
ohamberoross-seotionalarea (Ae/Ab,1/6). Meas~d ~l~s of ~u~ for
the samsrangeof conditionsvariedfrom 25 to 35 poamdsper poundof
air per SSOOti%dW * higheSt ~hXeS 00C_ for _ ~/Ab Of 1/4,
and at an over-allfuel-airratioof 0.045.

7. 11’ora combustiontime of 0.006second,calculatedvaluesof
speclfiofuel consumptionvariedfrom 2.5 poundsof fuel per hour
per po~a of thrum b mm ~ 10 PO~S~ dem~~ UP~ * fuel-

- air ratioand nozzlesize. Eqerinwntal.values@ thrustspeolfio
fuel consumption~ed from approxima~ly4 to 9 poundsper hour
overthe samerangeof conditions,with the minimumvalueoomrring
at an Ae/Ab Of 1/4 @ ~ -r+ll f~l~fi ratioof 0“035“

8. OaloulatedvaluesIndioatedthatreduc~ the oonibusticmtime’
from 0.006to 0.003secondwouldresultin an increaseof Jetthrust
of appro~tely 100 peroentand a reau~ti~ in spedfio fuel con-
sumptionof more than 50 peroentoverthe rangeof mnditicms lnwsti-
gatea.

FlightPropulsicmResearohLaboratory,
Il&tionalAdviso~ Committeefor Aeronautics,

Cleveland,Ohio,Jme 4, 1948.
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APPEIiDIXA

S3!MBOIS

area of conibuetion

nozzle,(sqft)

ohauiber,(sqft)

spec~io heatat oonstantpressure,(Btu/(lb)(OF))

speoifioheatat mnstant volme, (Btu/(lb)(~))

jetthrust,(lb)

fuel-airratio

acoelemationof gzwity, (ft/sec2)

heatingvalueof fuel, (Btu/lb)

totalimpulse,(lb-sac)

impulsedmiqg blowdown,(lb-sac)

im@se durin$pill’g~,(lb-see)

mechanicalequivalentof heat, (ft-lb/Btu)

oombustia-ohamberlength,(ft)

mass flow of gas out of oombuetiondumber at any instant,
(Slugl+eo)

=ss of gas in ocnubustiaohamber at any instant,(slugs)

cy&3 frequenoy

pressureIn mibuation ohamiber

ambientpressure,(lb/sqft)

-S mnstant, (ft-lb/(lb)(?2)

at w instant, (lb/sqft)

-mture of gas in mmbustia ohamber at any instant,(OR)

ambienttemperature,(%)

time, (See)

-.
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blowduwntime, (SeC)

combustion the, (sec)

oyde time, (see)

purging time, (See)

~et mlocity, (ft/see)

Jet velocity tluringblowdcmn,(ft/see)

jetvelocityduringpurging,(ft/see)

volumec& mibustion obamber,(m ft)

specificvoltnneof gasesin mmdbustionohamberat any Instant
(Ouft/sllU3)

wei@t of ah, (lb/cycle)

weightof fuel, (lb/cycle)

ratioof specifioheats
.

densttyof gas in mmbustion ohamherat any instant,(slugs/ouft)

Subscripts:
*

1

2

3

4

cr

e

beginningof charging or purging periOd

end of ohargingor purging

end of combustionprooess

end of bluwdownperiod

Critioal

e-ust-nozzle throat

paiOd

-. ..._ ..___
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APPENDIXB

AEKGYSISQF CYCLE

~ GyOb uponwhiohthe 8Z18@SiS iS
follomlngaiagrais :

I 4

basedis illustratedin the

Time,t Specificvolume,v

h both diagrams,the actualcycleis shownby the solid~
and the ideale~losion oyoleby the dashedline. The sequenoeof
opemtion is as follows: Blowaownfrom the maximumOonaitionsof
temperaturead pressureto atmosphericpressureoccursfrom
points3 to 4; at point4 the inletvalveopensand the residual
gasesare then mmpressed from points4 to 1 by the inletpressure;
ohargingand purghg oocursimultaneouslyat constantpressurefrom.
points1 to 2, and the oyoleis oompletedwith

● ,
points2 to 3.

Explosion-PressureBatio

Explosion-pressureand temperaturematios
followingmanner. The generalenergyequation
processoan

where

w weight

be writtenin the

w %,2 - %,1)

of mixture, lb

combustionfrom

weiw obtainedin the
for anY combustion

followingform (reference

+~+Q+Wl!&=Wfh

5).

(la)

ener~ of mixturebeforecombustion,Btu/lbmixture

. . .—. .— — -- .——— —.. —.. .—-
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%,2 ~Mc* energyof mixtureafterconibustion,B@lb

NO. 1702 -1

mixture

E meohsnioalenergydepartingfrom system,ft-lb/lbmixture

Q energyanittedfrom systemas heat duringmmbustion,Btu

~ re&u~ ~~in mixturedue to ticompletemmbustion of fuel,

The othersynibolsare definedin appendixA.

E thefollowingassumptionsare made

(1)

(2)

(3)

(4)

(5)

completecxxdbustion

no heat lossduring

ohangeIn molecular

conibwtion prooess

energy equal to ohange in internal energy

constantspecificheatduringcomhmtion

volumetric efficiency cd?ohmiber egual to 100 perce~t

equation(la)oan be written

or in differentialform

(lb)

H the following substitutionsare made in equaticm(lb)

Cv=l+m
W = Wa (1 + f/a)

P dv RT dv—=. .
g dt V dt

.- -----
,. . .

.

,

.
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.
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and it is assumbd

21

..”

thatthe fuel is OO~~a at a constantrate

then eguatkn (lb) oan be written

dT T
=+(7-1);

A more convenientformfor
by T2$ then

dv J
+

fa ~~= E(7-
l)fa+ltc

(lC)

equation(10)oan be obtainedby dividing

dT/T2
~+ (7-1)

()

&ldv-J
T2 v dt RTO (,-1)~) (*) ~ 0,)

The ohangein speoifiovolumeof the gas oan be determinedfrom
the folluwingequations:

lYm= pVanddm=pe AeUBdt

then

dv ()‘e % ~e
aE=7ir~

The dmnge in specifiovolumeduring the mmibustionperiodoan be most
readilydeterminedby assmuingthat oritioalconditionsexistat ths
nozzle throat for the entiremibustion prooess. Duringthe actual
combustionprooess,the pressureat the exhaustnozzleof the obamber
till rise from ambientto orltioal. 5 assumptionthat oritioalcon-
ditionsexistfor the entireperiodwill thereforetendto givs con-
servativevaluesof e~losion-temperatureand pressuremtio. For
orttioalpressureat the nozzlethroat

%3=
“.

.. —.—. c —.—



and

!l?heohe.ngein
written

1

g

()
Pen 2

P m

epmlfio volume with rem~ot to thm divided by the specifio volume am now be

.

(2)

The general energy ew8tion for the oombustlon W09E13 mm now be written

(3a)

or

r
T3/T2

()
d!&
T2

N
N

(3b)

, ,
* ,

963



Equation (3b)was integratedgraphicallyin orderto obtainthe temper-
atureratiode~loped dur~ the combustionprooess. ~ * evaluation
of equation(3b),thosequantitiesthat do not varywith time oan be
groupedtogetherto giw the followingequation

where

(?9(i)t*r2(+%Y’2B = (7-1)Ab

From the generalgas law it oan be shownthat

E dv is replaoedby its equivalentvaluegi~ in equation(2),then

Andif dt is replacedby its equivalentvaluegivenh equation(3a),
the precedingequationoan be written

.
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When equation (4) 1~ integrated

$

(4)

1

‘2(+’’’2(*”2-(*Y2~

Equation (5) oan be most readily evaluated by graphioal integration to give the explosion
presmre demloped during the ocunbuetionprooeEw.

(5)

.
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The e~losion-pressureratiofor idealoonstant-volumemm-
bustionoan be obtainedif it is assumedthat ocmibustiont3me is
instantaneous.Equation(5) thenreduoesto

1043‘1043.

E@osion-temperatureratiooan be oalmilatedfrom the
equationif the heat requiredto raise the temperature
to the final temperature of the mixture is neglected:

then

Wa Ov (T3 - T2) = h Wf

‘3 .

%

hfa +1~.
‘2

OvTo ~

following
of the fuel

T3 h_f/aJ (y - 1) + ~—=

()

‘2 RT ~
o To

Thrust

Thethrust outputoan be obtainedfrom a considerationof the
impulseduringthe blowdownand ohargingperiods. H the mass flow
out of the combustionohamberat any instantis equalto M, and
if it is assumedthat the theoreticallyoorreotnozzleis used,then
the instantaneousjet thrustduringblowdownis equalto

.

.. ——— .—-- .



F=M~

The outfluwfrau the ohamberis equalto the rate of changein the
totalmass of’gas in the ohaniberwith respectto time.

M=$$

and

*=%%

The total impulse during the blowdown period is equal to

IB .J F dt

The mass of gas in the chamberat

m=

and from the adiabaticrelation

‘=?3

= J’UBdm

my instant is egual to

pv

1

()

p7
q

(6)

Differentiatingthe precedingequationwith respectto pressureratio
gives

1 -7

The jet velocity oan be writtenas

{

UB = (2 g J)l/2 Cp T

= (2 g J Op T3)1/2

(7)

(8)

., ..- . —_.
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Equatim (6) oan now be written

Equation (9) i9 Twre useful in the followhg form:

+$(+Y2E-N3 G-s’’(*Y’{
u
:Jaq$i-)%$r‘i} ’10)

Total Iqpulee during blowdown was oaloulated by gmphioalQ Integrating equation (10).

The iqpulae hrlng the purging period t~ equal to
n

~=l”rdt

and the Instantaneous Jet tbruet equeh
UJ

IX’It Ie asmmed that the exhaust gaeem m purged at mnatant pressure and without mixing with
the freeh ohrge, the velooit# of the exhauet gas dmlng pur@ng is oonetant ml is eqwbl to

. -1

1/2



The quantity of e-ust gas emlbd from the ohanbr dwring the

P- pOriOaiS equaltO

The impulseduringpwrgingis now equalto
. -

L J
Equation (Us) Oan h writtenin the followingform

(Us)

~ mu of the impulses during t& blowdownM pinging periods
will be consideredas the totalimpulsefor the oyd.e. TotalImpulse
thereforeequalsthe sum of eq~tions (10)and (llb) .

the averagethrustfor the oyolewill eq~

andtheweight ofalr flowper unittlm equals

Wa= nvp2g

By use of the geneml gas law

.

“
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l!hruetpe rpcnmdo fairmrunittim iseqnalto

The tbruat apecifio fuel oonaumption is equal to

5 total time far me oyole IS equal to the em of the-mmbustion, bloudown, and pur@g or
dwrging times. The blowdoun tim is the mm of the tim required to blowdoun frommximm to
oritioal _rature and ~ssure, s&us the time zwquired to bloudoun from Oritioal.~ssure to
atmoapherio pmmnre.

The ohange in the was d? erhaust gas in the oabuatian
fOlloulng fonu:

dm=pe&~dt

ohamber oan W written in the

(l’a) ~

I
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Hhen pOssure and tqpemture in the ohamber

.. Oritioal values, the followingrelationshold
am abovethe

1

Pe

()
~“

‘= %-rP

By substituting* ~OOa* expressionsin eq~tion (12a)the followlng
equationis obtained:

+
+1

()

2 2 y-l

~=% ~ * at (m)

~ usingthe adiabatic relation betweenXUWsmre and a~i~$
equstion(12b) am be written

(*)*(7;’2[P3(!7($ P3]”2 dt

-b+1 [)~()2
~ 27 1

&u=A
_ 27-1 (~ P3 P#/2 $F

e 7+1

It has alreadybeen shown(equation(7))that the

1dt (1.20)

- in -8s iB—
equalto

Uhen equations(7)and (1.20)are equated

.

.

●
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Equation (1.2) Oan he written in the following m Ocmvenimt fcmu

1!
(1’) !3

gl
●

Intqp’athlg &lvwl

Critical praasure in the abamlmr win be ralated to atmospheric wwmue by the following equation: &
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I
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()
+

I?m. po Z-#-

Rewriting eguwtitx (1A) gives

The tl.m to blovdown km orltilcal. to atmxpherio preaaure au W determined In the
follo?rlngEaDner: For flow beluu oritioal preamme, tlm ohauge In mfws (equBtlOne (8)md
(Ma)) Is equal~

r 1

b = Pe Ae (26JoPTW)
,,2~#.pJpt

M fbnr bao’w Oritioal, the follrmng relatione hold:

‘e=ps @“’=*@’”

@’tTb)

, ,



* *

I

I

when these rel.atiom am substituted m equation (lFM), the fomming equatlculIs Obtwled :

l!!

(Ma)

IIqmting eqtaticms (Mb) and (16b) ghm

(Mb)
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I19Mlntigral of eqmtion (17) oan MI VBZT xwadily evalmted by gmphloal Integmtion. The bmm
tlms ~ is eqml to the sum of ~+r end tm4.

T*
rem511iDg

required to purge
Intheokmberat

the Oombuation OhdM3r may be calculated by oonelderlng& *EI
end of the bl.omlownp3fi0a

BY equat~ equaticms (18) and (IS) and ueing the gas laws, tbe foUowlx eqmtlon oan be
obtained:

1
.1/2

-1

(18)

,

L
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(a)Frontview.

‘Figm 1. - Setupofexplosion-cycleOcallbustlon
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(b) Mae vi-.
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(a)Idealc@e.

Fi@re 30 - TY@oal preseum-timedlagmm forseveralmtios ofexhauet-nozzleareato
oombuetion-ohamberoross-seotionalarea QAb. (Forexplanationofnumberstatione
infig.3(a)eeeapmndlxA.)
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Figure 5. - Comparison of experimentally determined values of
exploslon-press=e ratio with calculated values for range of
fuel-air ratios and for several ratios of exhaust-nozzle area
to combustion-chmber cross-sectionalarea. Inlet-pressure
ratio, 1.2.
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Figure 5. - Continued. Comparison of experimentally
determined values of explosion-pressme ratio with
calculated values for range of fuel-alr ratios and
for several ratios of exhaust-nozzle area to combustion-
chamber cross-sectionalarea. Mlet-pressure ratio, 1.2.
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Figure q. - Concluded. Comparison of experimentally
determined values of exploston-pressureratio with
calmlated values for range of fuel-air ratios and
for several ratios of exhaust-nozzle area to
combustion-chambercross-sectional area. Inlet-
pressure ratio, 1.20
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Figure 6. - Effect of ratio of exhaust-nozzle area
to combustion-chamber cross-sectional area on
explosion-pressure rattoe Inlet-pressure ratio,
1.2; fuel-air ratio, 0.04; cycle frewency$ 15
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Figure 7. - Effect of cycle frequency on explos~On-
pressure ratio. Ratio of exhaust-nozzle area to
combustion-chmber cross-sectional area, 1/6; fuel-
air ratio, ().()4; inlet-pressure ratio, 1.2.
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~smre 8. - Effect of cycle frequency on volmetrlo.
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f’uel-alrratio, 0.04; inlet-pressure ratfo, 1.20
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Figure 10. - Variationof experiment~ and calculatedjet thrust
per pound of alr with fuel-air ratio for several ratiosof
exhaust-nozzlearea to combustion-Chuberoross-sectionalarea.
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(b) Ratio of exhaust-nozzle area to combustion-
chamber cross-sectional area Ae/Ab, ~~.

F@ure 10. - Continued. Variation of experimental and
calculated jet thrust per pound of alr with fuel-air
ratio for several ratios of exhaust-nozzle area to
combustion-c-ber cross-seotional area. Inlet-

pressure ratio, 1.2.
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Figure 100 . Concluded. Variation of experimental and
calculated jet thrust per pound of air with fuel-air
ratio for several ratios of exhaust-nozzle area to
combustion-ohamber cross-sectional area. Inlet-
pressure ratio,1.2.

.

. --.— .- —- . ——..— .. . . — -
,. .,. -“ .,



NACA TN No. 1702

Frequenoy Combustion time
(Cps) (see)

o 30
u 15

I Calculated&=l I I
I I I I

/
/ ‘

I

a w n u

A c!! o

/
u r1

D
mm

-2 ~ ‘
u I

- I I I I I I

i12 .03 .04 .05 ●06 ● 07 .(
Fuel-air ratio
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Ftgure 11. Variation of experimental and calculated thrust specific
fuel consumption with fuel-air ratio for several ratios of exhaust-
nozzle area to combustion-chamber cross-sectional area. Inlet-
pressure ratio,1.2.

.

. -. . .——.. - —. ..-—-



58
NACATN No. 1702

--10
9

Frequency Combustion time
~ (Cps) (see)

8 0.006
7

❑ ?; / - 0
Calculated / ~

6 A 2
u o

5
❑ o.

n
u

n
o

4,’
r

❑ o
u

● 003 ~ ~

3 / / ~

/

2

0

1
=?$=

.

● @2 .03 .04 ~05 .06 ● 07

Fuel-air ratio

(b) Ratio of exhaust-nozzlearea to combuetion-
chambercross-sectionalarea Ae/Abs1A.

Figure11. . Continuede Variationof experimentaland
calculatedthrustepeciflcfuel consumptionwith fuel-
air ratio for severalratiosof exhaust-nozzlearea to
combustion-chambercross-sectionalarea. Inlet-
pressureratio,1.20
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Figure 11. - Concluded. Variation of experimental and
calculated thrust specific fuel consumption with fuel-
air ratio for several ratios of exhaust-nozzle area to
combustion-chamber cross-sectional area. Inlet-
pressure ratio, 1.20
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